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1. Introduction 
Landfills are important engineered constructions spread all over the world. Their number is 
calculated in thousands as the production of wastes in Europe only, reaches each year 3000 
million tones of which 14% (about 415kg per capita) is municipal waste (EEA, 2004). Of this 
in 1999 about 57% was landfilled, 16% was incinerated, 20% recycled and composted and 
7% was treated in other way. There are numerous types of landfills from simple dumping 
sites to rather sophisticated constructions constituting real bioreactors. Due to uncountable 
biochemical reactions occurring within the waste body, landfills produce biogas and 
leachates which threaten the pollution of air, water and soil. The environmental impact of 
landfills depends, to a high extent, on a bottom liner and top capping isolating the landfill 
from the surrounding. The quality of this isolation is determined by the water permeability 
as, in fact, no constructions are completely impermeable. 
There are two essential types of liners i.e. mineral clay liners and synthetic liners of different 
geomembranes (or combination of both). As durability of synthetic liners is limited in time 
the mineral clay liners, which can persist thousands of years, if managed in a sophisticated 
way as it was proved by the countless layered natural soils worldwide, are preferred as a 
long term impermeable and rigid system. It is necessary to emphasize that landfill should 
preferably have a bottom liner and top capping. The function of bottom liner is to prevent 
the deeper soil layers and the groundwater from contamination with soluble substrates and 
irreversible pollution of the future drinking water reservoirs. The function of the top 
capping is to avoid infiltration of the precipitation water (from rain and from snow melting) 
and migration of methane and odors from the biogas to the atmosphere. However, the top 
capping system also has to guarantee optimal (or at least satisfactory) conditions for plant 
growth while the deep rooting of plants must be prevented. Thus, these conflicting 
requirements can be only fulfilled by special mineral soil systems which, if they are adjust, 
will preserve their properties for ever. 
2. Materials appropriate for mineral liner construction 
The EU Landfill Directive (1999/31/EC) distinguishes three types of landfills i.e. landfills 
for hazardous waste, landfills for non hazardous waste, and landfills for inert waste. This 
directive, among others, says that the landfill must be situated and designed in a way 
ensuring the prevention of pollution of atmosphere, groundwater, surface water and soil. It 
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can be achieved by combination of bottom liner and geological barrier during operation 
phase, and by combination of geological barrier and top liner during the aftercare phase.  
The directive determines that landfill base and sides should consist of mineral layer with the 
following requirements: 
- landfill for hazardous waste – the layer should be characterized by the hydraulic 
permeability k equal or lower than   10-9  m·s-1 and thickness equal at least 5 m, 
- landfill for non hazardous waste – the same permeability and thickness equal or higher 
than 1m, 
- landfill for inert waste –hydraulic permeability of 10-7 m·s-1 or less and thickness of at 
least 1 m. 
In case of lack of a natural geological barrier it can be prepared artificially. The minimum 
thickness of artificially established barrier is 0.5 m. For non hazardous and hazardous 
landfill categories an artificial sealing liner and a drainage layer (≥0.5 m) is required. 
Often local soils can be used for construction of landfill bottom liner, after application of 
external loads leading to their compaction. Usually recommended soil properties to achieve 
hydraulic permeabilities of order 10-9 m·s-1 by compaction are: percentage of fines (<0.075 mm) 
≥ 30%, plasticity index between 20 and 30 and percentage of gravel (5 to 50 mm) ≤ 20% (Roehl 
et al., 2009). The ranges of grain size - distributions providing hydraulic conductivities k ≤ 10-7 
m s-1 appropriate for landfill liner constructions are presented in Fig. 1. 
 
 
Fig. 1. Ranges of hydraulic permeability (expressed as k coefficient in m·s-1) as related to 
grain-size distribution areas. The range of k ≤ 10-7 m·s-1 is considered as an important barrier 
feature for mineral sealing in most of national regulations. Grain size distribution areas 10, 
11 and 12 refer to this range. After Alamgir et al. (2005). 
3. Factors affecting hydraulic permeability 
3.1 Theoretical background 
Laminar flow rate of a liquid through a cylindrical capillary, according to Hagen-Poiseuille 
equation is proportional to the 4th power of the capillary diameter. The other factors are the 
gradient of pressure constituting the external driving force of the flow and the dynamic 
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viscosity being the property of the liquid itself. In case of porous materials (such as eg. soil) 
characterized by a very complicated pore structure the laminar flow rate, as described by 
equation of Darcy (1856) is proportional to the pressure gradient and hydraulic permeability 
k characterizing the properties of the material in which the flow takes place. 
Hydraulic conductivity k is related to soil and permeating fluid according to Kozeny – 
Carman equation (Mitchel & Soga, 2005): 
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Where the particular symbols have the following meaning: 
k – hydraulic conductivity, g – acceleration of gravity, ρ – fluid mass density, µ – fluid 
viscosity, T – tortuosity, Kn – pore shape factor, S0 – wetted surface area per unit volume of 
particles, e – void ratio, S – degree of saturation. 
Thus, any factors affecting the above properties should result in altering the water 
permeability of porous material applied to municipal waste landfill bottom liner.  
It was confirmed experimentally that soil hydraulic conductivity depends, among others, on 
its particle size distribution and specific surface area as well as on void ratio, swelling and 
ion exchange capabilities (Alamgir et al., 2005; Baumann, 1999; Benson & Trast, 1995; 
Egloffstein, 2001; Foged & Baumann 1999; Mitchell & Jaber 1990; Vukovic & Soro, 1992). 
Hydraulic conductivity usually decreases with the increase of the content of fine particles 
(Alamgir et al., 2005; Sivapullaiah et al., 2000), as shown in Fig. 1.  
3.2 Compaction effects on hydraulic conductivity of soil materials 
The key question for solid municipal wastes landfill constructors and operators is how to 
reduce the negative effects of the waste body like landslides, leachate infiltration to ground 
water and soil, odors, rain and wind erosion on the surrounding environment. An 
appropriate isolation of waste body can be achieved by the construction of bottom and top 
liners limiting the leachates outflow and infiltration of water (e.g. Bagchi, 2004; Horn & 
Stępniewski, 2004; Tatsi & Zouboulis 2002; Wysocka et al., 2007) while allowing at the same 
time the gas emission and oxygen inflow in the top capping. According to literature reports 
and engineering practice two different approaches of liner construction may be observed: 
application of polymer membranes and usage of frequently local mineral materials 
containing significant amounts of clay (Bagchi, 2004). Both approaches have their benefits 
and limits but in some cases, especially in developing countries application of mineral clay 
liners, despite risk of cracking, sometimes supported by simple membranes is welcome by 
the local authorities (e.g. Ahmed, 2008; Gunarathna et al., 2007;).  Such attempts were noted 
not only in e.g. Asian less developed countries but also in Europe.   
Water permeability of natural soils is often higher than the required values described by 
national and international standards for bottom liner construction (in most countries, as it 
was mentioned earlier the minimum required saturated conductivity for bottom liner 
should be no more than 1·10-9 m·s-1) and unsuitable even for top capping constructions. 
Consequently mechanical compaction approaches can be used to decrease the hydraulic 
conductivity. However, such mechanical compaction caused by external loads generating 
static and dynamic forces leads to increased bulk density, decreased porosity as well as 
shifts in pore shapes and size distributions but reduces the strength of the system because of 
an anthropogenically created positive pore water pressure due to dynamic kneading. (e.g. 
Flowers & Lal, 1998; Radford at al., 2000; Horn, 2004; Yavuzcan et al., 2005;  Zhang et al., 2006). 
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The influence of compaction process on hydraulic properties of soil can be  easily explained by 
the Hagen - Poiseuille law and was proved amongst others by Kooistra and Tovey (1994) who 
found out that a voids reduction in size and shape caused by passing wheeling machines 
resulted in smaller macroporosity (pore diameter > 100 µm) by approx. 3 % .  
Irrespective of cracking risks - which can be prevented by compaction  at the water content 
lower than the water content at Proctor density - such compacted liners made of local soils 
or other materials (by-products, bentonite-soil mixtures etc.) are commonly applied in 
construction of municipal solid waste landfills. According to numerous reports, they appear 
successful in limiting infiltration of leachates to soil and groundwater environment as well 
as reducing infiltration of surface water into waste body (e.g. Ahn & Jo 2009; Bagchi, 2004; 
Gunarathna, 2007; Horn & Stepniewski, 2004; Islam et al., 2008; Wysocka et al., 2007).  
Figure 2 presents the reported effects of compaction on hydraulic conductivity of selected 
different porous materials (local soils, industrial by-products and bentonite mixtures) 
applied in construction of European or Asian landfills bottom and top liners. The degree of 
compaction is reflected by soils bulk density changed after stress application.  
 
 
Fig. 2. Effect of bulk density on hydraulic conductivity of various porous materials 
(compiled from different sources) 
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Presented results of literature studies show that several local soils and other porous 
materials after compaction fulfill the requirements of solid waste landfills’ liners 
construction. Reports state that loess, sandy loam and loam soils as well as  coal mining 
tailing rock are applicable to construction of landfills’ top liners presenting saturated water 
conductivity reaching the value of 10-6 – 10-7 m·s-1. Observed value of tested porous 
materials’ hydraulic conductivity significantly may reduce the infiltration of surface water 
to waste body through landfill top capping.  
The other compacted materials presented in Fig. 2 such as clay soil and bentonite mixtures, 
may be useful in construction of landfill bottom liners – the application of compaction 
process resulted in reduction of saturated hydraulic conductivity below 10-9 m·s-1, even in 
case of bentonite below 10-10 m·s-1. 
Changes in pore size and continuity, however, alter the hydraulic conductivity and water 
retention characteristics, which initially may result in reduced infiltration abilities and limited 
storage capacity but - on the long run - because of swelling and shrinkage which coincides 
with a non rigid pore system, we even determine higher values of the hydraulic conductivity. 
Thus, the impacts of soils compaction depend, among others, on soil type, soil moisture during 
compacting, intensity and kind of loading as well as frequency. Junge et al. (2000) proved that 
in the course of soil compaction and re-drying these weak substrates crack and result in the 
formation of new macropores with a very high hydraulic conductivity. The results presented 
by Islam et al. (2008) on compaction of clay soil applied to construction of bottom liner of an 
experimental municipal solid waste landfill in Khulna, Bangladesh showed that molding 
water content during the compaction process affects the value of hydraulic conductivity of 
compacted soils irrespective of the obtained bulk density value ( Fig. 3).  
 
 
Fig. 3. Proctor curve and hydraulic conductivity of compacted clay soil, versus molding 
water content. Based on Islam et al. (2008). 
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As it can be seen, the same bulk density can be achieved at two different levels of molding 
water content during the process of compaction both on the left and right side of Proctor’s 
curve. Increase of molding water content resulted in a decrease of hydraulic conductivity 
down to 2.5·10-10 m·s-1 at molding water content of 28%. Nonetheless this situation is not 
reflected in changes of saturated hydraulic conductivity of the tested soil and only focus on 
the short time effect while the shrinkage induced crack formation thereafter enhances the 
hydraulic conductivity by many orders of magnitude (Junge et al., 1997).  
3.3 Influence of leachates on water permeability 
Municipal landfill leachates, generated during infiltration of surface (rain or melted snow) 
water through the waste body, are commonly considered as one of the most dangerous 
types of wastewater, significantly influencing environmental conditions as containing high 
concentrations of ammonium, salts, organic matter, etc. (Di Iaconi et al., 2010).  The volume 
of leachates and their composition depend on the amount of water infiltrating the waste 
body, and on chemical reactions occurring between the solid and liquid phases – 
dissolution, ion exchange and biochemical processes (Francisca & Glatstein, 2010). The 
reported full composition of leachates of different municipal solid waste landfills all over 
the world were presented by e.g. Ehrig (1989);  Fatta et al. (1998), Kjeldsen & Christoffersen 
(2001), Kylefors (2003), Kulikowska & Klimiuk (2008); Tatsi & Zouboulis (2002) and Ziyang 
et al. (2009).  
Migration of leachates generated inside the waste body of municipal landfill to soil and 
groundwater is prevented by bottom liners of different construction based on porous 
materials of low permeability. As it was mentioned, bottom liners usually have multilayer 
layout and consist of natural or compacted clay or mixtures of clayey soils, granular filters 
and geosyntetics (e.g.: Francisca & Glatstein, 2010; Ozcoban et al., 2006; Petrov & Rove 1997; 
Touse- Foltz et al., 2006). 
Particle size, specific surface area, void ratio and fluid properties as well as soil fabric, 
compaction energy and thixotropy are the main factors limiting the water and contaminants 
movement in compacted porous materials of landfill liners (Benson & Trast 1995; Vukovic & 
Soro, 1992). According to reported numerous studies (e.g. Mitchell & Jaber, 1990, 
Sivapullaiah 2000; Schmitz 2006) evaluating soil and liquid properties controlling the 
saturated hydraulic conductivity in liners, hydraulic conductivity decreases along with 
increased content of fine particles. The increased mechanical stress observed in compacted 
soils results in reduction of electrical forces effect on soil behavior but the soil fabric is 
affected by the chemical properties of the flowing liquid (Mitchell & Soga, 2005). The other 
important factor influencing soil behavior is its retention capacity depending on adsorption 
mechanisms delaying the transport of contaminants through the soil (Francisca & Glatstein, 
2010); ions present in permeating liquid are absorbed by mineral phase surface, in the rate 
and amount controlled by surface charge density, ion concentration and valence, and pH. 
So, according to Schmitz (2006) landfill leachate containing high ionic concentration should 
increase the hydraulic conductivity as increased ionic concentration should decrease the 
double-layer thickness. But, as it was reported (e.g. Francisca & Glatstein, 2010; Mitchell & 
Soga, 2005) this mechanism has sometimes a negligible effect on the experiment field test 
since it is relevant only in case of high porosity or freshly compacted soils. 
Another factor influencing changes of hydraulic conditions of liner porous material treated 
with leachates is bioactivity causing pore clogging (e. g. Brovelli et al., 2009). Nutrients load 
present in leachates is responsible for increased formation and development of bacteria and 
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yeast colonies resulting in partial or permanent soil pore blocking (Francisca & Glatstein, 
2010; Rebata-Landa & Santamarina, 2006). Decrease of porous media hydraulic conductivity 
may be in this case related to the presence of biofilm covering surface of mineral particles, 
thus significantly reducing sizes of micropores and increasing the resistance of fluid flow.  
Research concerning effects of leachate on hydraulic conductivity of natural clay was 
conducted by Ozcoban et al., (2006). Natural clay soils applied as liner in municipal solid 
waste landfill in Kemerburgaz, Turkey, were tested. Soil samples containing kaolinite were 
permeated with distilled water and leachate in a vertical reactor – constant head 
permeameter (each test lasted 3-4 weeks). Tests conducted by Ozcoban et al., (2006) 
confirmed that clay soils, under laboratory conditions show a very little increase of 
hydraulic conductivity after being permeated with leachate: 9.848·10-10 m·s-1 for water vs. 
10.8·10-10 m·s-1 for leachate.   
The hydraulic and compaction characteristics of leachate-contaminated lateric Indian soil 
were presented by Nayak et al. (2007). The soil was sampled at local open waste dump 
where municipal solid wastes were deposited without shredding and segregation. Four 
different levels of leachate concentration were tested: 0%, 5%, 10% and 20%. The increase of 
hydraulic conductivity of soil due to leachate addition was observed (see Table 1). 
 
Leachate content k Increase 
 10-7 [m·s-1] % 
0% 3.07 - 
5% 3.698 20.46 
10% 4.542 22.82 
20% 5.792 27.52 
Table 1. Effect of leachate concentration on hydraulic permeability of lateric soil (Nayak et 
al., 2007) 
These observations fully support the earlier mentioned thesis of Mitchell & Soga (2005) or 
Schmitz (2006) and prove increase of hydraulic conductivity of leachate treated soils. 
Not numerous investigations were conducted to define the influence of leachates presence on 
hydraulic conductivity of porous materials applied to bottom liners of municipal solid waste 
landfill. Studies of Francisca & Glatstein (2010) focused on long term hydraulic conductivity of 
compacted silt soils of Chaco-Pampean plain, Argentina, also with 5% and 10% bentonite 
addition. Permeability tests were conducted for distilled water and filtered landfill leachate. 
The compaction liquid content was at the constant level of 20%. Hydraulic conductivity was 
measured weekly during the period of 15 months by the standard falling head procedure 
according to ASTM D5856 (Francisca & Glatstein, 2010). Observations showed a decrease of 
pore volume of flow after 15 months treating soil samples with leachate – Table 2. 
 
 Pore volume of flow 
Sample Distilled water Leachate 
0% of bentonite 3.6 1.37 
5% of bentonite 2.3 1.51 
10% of bentonite 2.7 2.0 
Table 2. Changes in pore volume of flow after 15 months of distilled water and leachate 
permeation (Francisca & Glatstein, 2010) 
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Results of hydraulic conductivity test after long term permeation of the tested samples with 
distilled water and leachate conducted by Francisca & Glatstein (2010) are presented in Fig 
4. The decrease of water permeability of the tested soils after 15 months of leachate 
treatment is visible in case of 0% and 5% bentonite content. The reported changes in soil 
water conductivity, according to the paper, could have resulted from expansion/shrinking 
of expansive minerals, mineral clogging and bioactivity – the mechanism of ion exchange 
and reduction of double-layer thickness which should increase the water permeability has in 
this case a negligible effect. 
 
 
Fig. 4. Hydraulic conductivity k (m·s-1) of compacted silt with bentonite amendments (based 
on data of Francisca & Glatstein, 2010) 
Several studies were focused on determination of leachate effect on geosynthetic materials 
applied in construction of landfill bottom liner – usually geosynthetic clay liners (GCLs) 
used as hydraulic barrier in landfills, remediation sites or other contamination systems. 
Shan and Lai (2002) tested the hydraulic conductivity of two different geosynthetic liners: 
Bentomat ST and Claymax 200R, CETCO, USA, using different liquids as penetrating 
medium. Both tested GCLs were approx. 6 mm thick and both contained bentonite in the 
amount of 3.6 kg/m2.  The hydraulic conductivity tests were conducted according to 
standard ASTM D5887 procedure at effective pressure of 34.5 kPa with typical time of 
hydration equal to 48 hours (7 days for tap water). The trials of sequential permeation by 
water and then by leachate were also conduced.  The results of the measurements conducted 
by Shan and Lai (2002) are presented in Table 3.  
 
Hydraulic conductivity [m·s-1] 
Permeate 
Bentomat ST Claymax 200R 
Deionized distilled water 2.7·10-11 2.7·10-11 
Tap water 4.4·10-11 4.8·10-11 
Landfill leachate 3.0·10-11 2.6·10-11 
Tap water→leachate 3.7·10-11 1.9·10-11 
Table 3. Hydraulic conductivity of two types of geosynthetic clay liners (Shan & Lai, 2002). 
Both materials showed the same value of water permeability for deionized distilled water 
and higher values for tap water; the observed increase reaching approx. 70%. Application of 
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landfill leachate as a permeate caused a decrease of GCLs water conductivity for both 
materials of approx. 31,8% and 84.6% in comparison to water conductivity for tap water. 
Then, sequential tests of permeation by tap water and then by leachate showed a decrease of 
hydraulic conductivity of the studied geosynthetics by, respectively, 15,9% and 60,4% in 
comparison to results obtained for tap water only. 
 
Material 
Direction of changes 
of permeability 
Reference 
liquid 
Source 
Natural clay of a landfill 
Little increase, 3-4 weeks 
test 
water 
Ozcoban et al., 
2006 
Lateric Indian soil of an 
open damp 
Up to 50% increase of 
permeability with 
5 – 20% leachate in water 
water Nayak et al., 2007 
Silt soil with 5 and 10% 
of bentonite 
Decrease, 15 month test 
distilled 
water 
Francisca & 
Glatstein, 2010 
Two geosynthetic liners Decrease tap water Shan & Lai, 2002 
Table 4. A summary of the effect of landfill leachate on hydraulic permeability of selected 
materials (as compared to water) according to different sources. 
Summing up we may state that cited, exemplary reports show different effects of leachate 
on saturated conductivity of landfill liner materials (Table 4).  It should be emphasized that 
there no data related to the action time of many years, as the longest test did not exceed 15 
months (Francisca & Glatstein, 2010). It should be added that hydraulic conductivity may 
change due to modification of soil water repellency by leachates (cf. Hartman et al., 2010). 
4. Amendments used to improve hydromechanical properties of liners   
In many cases hydraulic permeability of local soils may be insufficient even after application 
of external loads leading to compaction (e.g. Bogchi, 2004). An example of such situation is a 
silty soil from Chaco – Pampean plain in the center and north- east of Argentina covering 
600 000 km2 characterized by mean hydraulic conductivity 10-8 m·s-1 after compaction 
(Francisca & Glatstein, 2010). Thus this material requires modification in order to be useful 
for landfill liner construction. 
Numerous researches, presented in Table 5, reported different attempts of decreasing water 
hydraulic permeability of various materials by application of series of amendments to meet 
the required threshold values. This Table shows that among many materials tested, 
bentonite shows high popularity. Bentonite is a natural clay characterized by a very high 
swelling capacity, high ion exchange capacity and very low value of water permeability. The 
most important characteristics of bentonites are high montmorillonite content (60-90%), high 
water absorption capacity (200-700% weight), swelling volume of 7-30 ml, pH suspension 
value 9-10.5, plasticity 140-380%, and cation exchange capacity 0.60-0.90 mol/kg 
(Egloffstein, 2001). 
From other materials we should mention claystones, natural zeolites, fly ashes, water glass, 
silica fume, cement and some other waste materials (see below). A special attention deserves 
quick lime (CaO) which can be used to reduce water content of the material during 
compaction and to stabilize the liner structure (eg. Wiśniewska & Stępniewski, 2007).  
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Material Description 
Minimal reported 
k: m·s-1 
Sources 
Ash from incineration plant, sewed < 4 
mm, mixed with Freidland clay 
No data 
Travar et al., 
2009 
Fly ash 
C type fly ashes generated in 
Columbia Generating Station Unit II, 
Portage, Wisconsin added in 28% to 
sand and bottom ash, compacted at 
18% water content 
3.1·10-10  
Palmer et al., 
2000 
Quicklime 
and water 
glass 
Waste rock of coal mine (Bogdanka, 
Poland), mixed with 2% (by mass) of 
quicklime (CaO) and 6% by mass of 
water-glass. 
1·10-10  
Wiśniewska 
& 
Stępniewski, 
2007 
Silica fume 
Silica fume from Ferro-Chromite 
Factory in Antalya, Turkey mixed in 
different proportion with natural clays 
of clay pit in Oltu, Turkey. 
9,03·10-10 for 25% of 
silica fume* 
Kalkan & 
Akbulut, 
2004 
Japanese commercial bentonite 
Kunigel-V1 extracted from Tsukinuno 
Mine, Japan, mixed with sand 
1·10-11-1·10-12 for 
bentonite content 5-
50%.  
Komine 
2004, 2010 
Bentonite of 92% sodium 
montmorillonite (by Minarmco SA) 
added to Chaco-Pampean silt in the 
amount of 5 and 10%. 
3.3·10-10 – 5% 
bentonite 
8.5·10-11 – 10% 
bentonite 
Francisca & 
Glatstein, 
2010 
Compacted sodium and calcium 
exchanged bentonite, Gyungsang, 
Korea 
5.4·10-12 for Ca 
bentonite 
9.9·10-12 for Na 
bentonite 
Ahn & Jo, 
2009 
Bentonite compacted (intermediate 
and modified by Proctor test) different 
shapes and sizes commercial gravel 
particles by AquaBlok, Ltd.  
6.08·10-12  
 (intermediate 
Proctor) 
5.98·10-12 (modified 
Proctor) 
Roberts & 
Shimanoka, 
2008 
Bentonite 
Commercial Na-bentonite and Ca-
bentonite (Concarde Mining) mixed 
with crushed, natural zeolites 
(Etibank-Bigadic, Turkey) at different 
proportions  
5·10-10-8·10-10  
Kaya & 
Dudukan, 
2004 
A thin layer of sodium or calcium 
bentonite bonded to a layer or layers of 
geosynthetic  
2·10-10-2·10-12 
depending on 
confining stress 
(general info) 
Bouazza, 
2002 
Geosynthetic 
clay liners 
(GCL) Bentonite based medium-heavy and 
heavy GCL, after ion exchange in situ 
for 1-3 years 
1·10-10-1·10-11 
permeability 
increased during 
observation period 
Egloffstein, 
2001 
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Material Description 
Minimal reported 
k: m·s-1 
Sources 
Geosynthetic 
clay liners 
(GCL) 
Modification of commercial GCL 
Claymax 200R (CETCO, USA: layer of 
bentonite between two polypropylene 
geotextiles) – GCL was modified by 
standard bentonite with HDTMA-
bentonite or BTEA bentonite sprayed 
instead upper geotextile. 
6.8·10-11 – unaltered 
Claymax 200R 
1.2·10-10 – 30% 
BTEA-bentonite 
3.4·10-11 – 30% 
HDTMA-bentonite 
Lorenzetti et 
al., 2005 
Cement 
Askale Cement Factory, Erzurum, 
Turkey, mixed with Oltu – Erzurum 
(Turkey) clay. 
8.53·10-10  Kalkan, 2006 
Claystone 
Northpatagonian smectite rich 
claystones mixed with sand – 15 % of 
claystones 
5.34·10-12  
 
Musso et al., 
2010 
Red mud 
By product of the caustic leaching of 
bauxite to produce alumina, redish-
brown color, superfine particle-size 
distribution, mixed with Oltu – 
Erzurum, Turkey clay and Askale 
Cement Factory, Erzurum, Turkey 
cement in different proportions. 
3.73·10-10  Kalkan, 2006 
Rubber 
Pulverized form of tires rubber added 
to mixture of C type fly ash (90%) by 
Soma thermal power plant, Turke  and  
bentonite. 
9.5·10-12 after 0 days 
2.7·10-11 after 28 
days Both for 90 % 
fly ash, 3% rubber 
and 7% of bentonite 
content. 
Cokca & 
Yilmaz, 2004 
*Normalized permeability = kexp (ρstd/γdmax) – where: ρstd is the standard value of specific gravity 
adopted by the Authors as 2.65; γdmax - maximum dry bulk density of the sample. 
Table 5. Various amendments applied to lower the water permeability of different materials 
likely to be used for construction of landfill liners (according to different sources).  
5. Capillary barrier concept and landfill liner construction 
5.1 Introduction  
Recently the capillary barrier system is more often applied because the natural soil 
behaviour concerning water fluxes and direction of fluxes underlines the long term 
efficiency of layered systems for multidimensional water transport. It is well known, that 
soils are highly heterogeneous and anisotropic materials because a myriad of processes 
influence the formation of physical structure with time.  A major impact influencing the soil 
structure during the preparation of waste deposit capping systems occurs due to machinery 
application through compaction, mixing and a degeneration of processes that thereafter 
again promote aggregation (Ahuja et al., 1984). One property that is highly sensitive to all 
changes in particle arrangements and structure formation due to physical, chemical and 
anthropogenic processes is the conductivity of pores, which as Bear (1972) mentioned is 
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strongly influenced by pore-geometric factors, like total porosity, pore-size distribution, 
shape of the pore system, continuity and tortuosity. Normal swelling and shrinkage 
processes, especially in clayey, silty, and loamy soils result in the formation of direction 
dependent secondary pores and aggregate shapes. The same is also true when soils are 
loaded (as can be also proved e.g. by the tillage-induced plough pan), which alters pore 
geometries affecting the air and water-filled pores and, consequently their functionality. 
Thus, the development of soil structure can be evaluated through the presence of a 
direction-dependent behavior of hydraulic properties. These properties present anisotropy if 
they are direction dependent, otherwise they would be considered as isotropic.  
The development or the preparation of soil structure or various layers most often reveals 
anisotropy. Stratified soils, consisting of fine layers parallel to the surface, exhibit a 
dominant horizontal component of the saturated hydraulic conductivity (ksh) greater than 
its vertical component (ksv) (Mualem, 1984; Tigges, 2000). Under unsaturated conditions, the 
direction dependent hydraulic fluxes can either be also anisotropic in horizontal or vertical 
direction or they can also for a certain matrix potential range becoming isotropic. Single soil 
horizons also present anisotropy, which can be also used to define the aggregate formation 
theory and to quantify the consequences for the 3 d effects on water fluxes. Consequently 
these functions can be furthermore broadened if during the construction of capping systems 
a defined layering is achieved in order to e.g. support long-term impermeability of such 
capping systems (Hartmann et al., 2009; Horn et al., 2001). In the following the consequences 
of direction-dependent behavior on mass transport at the scale of soil horizons or soil layers 
will be defined in order to also evaluate the consequences for water movement on the waste 
deposit scale.  However, it must be also stated that the anisotropy or isotropy depends on 
the drying history, too, which underlines that in order to really predict the 3D water fluxes a 
very detailed analysis of the hydraulic properties must be done. Thus, the anisotropic 
behavior of hydraulic conductivity plays an important role in the analysis and modeling of 
transport processes in soils, especially in heterogeneous soils conducting water or chemicals 
in 2 and 3 dimensions. 
5.2 Physical principles 
Irrespective of the material, any kind of mass movement always occurs in the direction of 
the steepest slope and depends on the conductivity and gradient dependent flux. 
Considering the theoretical background, the hydraulic conductivity/matrix potential 
functions are to be defined as vectors which are described in the complete form of the 
Laplace equation for multidimensional water flux where the hydraulic conductivity /matrix 
potential relation has to be included for the x,y,z, directions as soon as kx ≠ ky ≠ kz . This 
boundary condition is in general to be accepted if we deal with non equally sized spheres, 
which in addition have not reached the smallest possible pore volume or maximum amount 
of contact points. It therefore also requires more consideration for sampling and, in the 
consequence, it also has to be included in all discussions dealing with mass movement in 
systems under a given slope as well as it affects the construction of layered capping sealing 
systems concerning the mass flow of water and sediments along the slope line. Additionally 
it also has implications for the reformation of structure elements if especially swell/shrink 
processes and gravitational forces result in crack formation in the freshly compacted soil 
layers at a water content higher than that at the Proctor density.   
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5.3 Hydraulic properties of layered soils 
5.3.1 Effect of pore size distribution, water saturation, and pore connectivity 
Water content /matrix potential functions define the pore size distribution which gives an 
insight in the ratio of the volume of pores related to the volume of the bulk soil. The coarser 
the soil the better aerated, the finer the pores the less aerated and the longer remains the 
water in these pores. Aggregate formation, anthropogenic effects result in an intense change 
in the pore diameter as well as in the total porosity, which also causes interruptions between 
different soil layers and can also cause stagnant water (=stagnic soil properties) or altered 
water flow intensity and directions (for more detailed info see Gräsle et al., 1995; Nielsen & 
Kutilek 1995).  
5.3.2 Effect of hydraulic conductivity/matrix potential ratio 
Apart from the pore size distribution we need a better insight in the water flux properties 
because they primarily define the transport within the soils. It is well known that under 
saturated conditions coarse textured soils with the dominance of coarse pores have a high 
saturated flow rate (=saturated hydraulic conductivity), while in soils with dominating 
medium and fine pores the saturated hydraulic conductivity gets smaller. Under 
unsaturated conditions however, samples with more medium and fine pores keep their 
unsaturated hydraulic conductivity the longer the smaller the pores are while coarse pores 
are emptied very quickly. Consequently the remaining hydraulic conductivity is intensely 
reduced (Fig. 5). Between the curves of 2 materials we can define the cross over suction 
value, which defines the pF value at which both materials have an identical hydraulic 
conductivity. If the soil dries out more intensely the finer textured soil with the higher 
amount of finer pores has a higher hydraulic conductivity, while left from this point more 
water flows in the coarser textured material.  
 
 
Fig. 5. Hydraulic conductivity versus matrix potential (defined as pF value) for very coarse 
up to finer textured soils. 
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The cross over suction value (Hillel, 1998) defines the matrix potential or pF value where the 
hydraulic properties of the various materials are identical. Thus, if we now come back to a 
very old picture of W. Gardner, (Washington State University, USA) the consequences for the 
water flow in layered systems can be easily understood. In this example (Fig. 6) he prepared 
a layered sample with fine over coarse sand and proved that at t1 the water mostly flows 
downwards, at t2 the water front concentrates at the boundary (=coarser) layer until the 
water content is increased sufficiently and the matrix potential declined. At t3 the matrix 
potential in the top layer gets sufficiently high, which results in a pronounced vertical 
infiltration in the coarser lower layer. 
 
t1
t2
t3
 
Fig. 6. Downward water movement in a layered sand tank as a function of time: the top 
layer consists of finer sand and the bottom one of coarser sand. (Picture originates from 
W.H. Gardner, Washington State University, USA). At t1 the water mostly flows 
downwards, at t2 the water front concentrates at the boundary (=coarser) layer until the 
water content is increased sufficiently and the matrix potential declined. At t3 the matrix 
potential in the top layer gets sufficiently high, which results in a pronounced vertical 
infiltration in the coarser lower layer. 
5.4 Application of the anisotropy principle to the capillary barrier concept 
The capillary barrier concept requests the defined construction of the various layers in 
dependence of the expected climatic conditions and on the later land use (Fig. 7). On top of 
the waste body and the compensation layer, the capillary block contains coarse textured 
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material (e.g. gravel) with very coarse pores which are emptied immediately when even 
only a very small unsaturation degree is reached. Thereafter follows the capillary layer 
which consists of finer material like fine sand. Finally, a recultivation soil layer ensures the 
storage of sufficient plant available water, nutrient storage and rootability and guarantees a 
mostly rigid i.e. long term stable topsoil.  
 
 
Fig. 7. Construction of waste capping systems applying the concept of capillary barrier  
Consequently, the capillary barrier system can be ranked as an waste deposit sealing 
system, which facilitates not only the reuse of soils available in the region if their physical 
properties are known. If the above defined principles are agreed it becomes obvious that in 
order to also quantify the lateral fluxes the tensorial functions of the hydraulic conductivity 
can be used to construct an impermeable and long- term stable capping system (Horn, 2002;  
Baumgartl et al., 2004). 
5.5 Example: two dimensional hydraulic fluxes in a layered waste deposit capping 
system (Rastorf, Germany) 
Based on the hydraulic conductivity and continuous matrix potential measurements the 2 
dimensional fluxes within the topsoil waste deposit capping system (Figs. 8-10) could be 
verified (Hartmann et al., 2009).   
It become obvious that the flow direction as well as the dynamics of the changes between 
vertical upwards, downwards or lateral flow can be quantified and always related to the 
present situation of the matrix potential dependent hydraulic conductivity for the various 
layers. In case of the upwards flow, the drying intensity of the topsoil layer was high and 
caused the capillary rise (Fig 8)  while in Fig. 9 the  hydraulic conductivity of the topsoil was 
much higher than that of the coarser layer below. However, even if the re-saturation results 
in less negative matrix potential values in the finer topsoil and the coarser subsoil layer is 
left of the cross over suction value and a vertical downward water movement occurs it is 
still reversing as soon as the soil layers dry out again. Thus, such layering can be classified 
as a long- term stable system with a self „reparing= reversing” flux system. 
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Fig. 8. Simulated hydraulic fluxes in a waste deposit capping system:  the case presents 
situation with dominant upwards flow. 
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Fig. 9. Simulated hydraulic fluxes in a waste deposit capping system with the lateral flow 
situation 
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Fig. 10. Simulated hydraulic fluxes in a waste deposit capping system: an example of short 
term deep drainage in case of a heavy rainfall event.  
6. Conclusions  
Hydraulic conductivity is a key factor for landfill construction.  In the case of bottom liner it 
is the matter of sufficiently low saturated hydraulic conductivity and long – term stability in 
time. In case of top capping the situation is much more complicated as problem of removal 
of infiltrating rain water and presence of soil recultivation layer are involved.  
In this case the impermeability is always proved as long as the cross over suction value 
between the hydraulic conductivity/matric potential relationships of the two layers under 
consideration is exceeded in all directions for the underlying soil layer. Under those 
boundary conditions the lateral movement of water is guaranteed also in structured soils. It 
must be underlined that the anisotropy depends always on the mechanical or hydraulic 
prestresses which coincides with a strong control need of these hydraulic or mechanical 
stresses. 
Anisotropy of hydraulic conductivity is also proved for the unsaturated state and its 
consideration results in a better validation of modeled versus measured water fluxes on all 
scales. 
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of the increasing world population. In particular, water flow in the vadose zone is of fundamental importance to
geoscientists, soil scientists, hydrogeologists and hydrologists and allied professionals.
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